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Comparison of the Host Immune Response to Herpes Simplex Virus 1
(HSV-1) and HSV-2 at Two Different Mucosal Sites
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A study was undertaken to compare the host immune responses to herpes simplex virus 1 (HSV-1) and HSV-2 infection by the
ocular or genital route in mice. Titers of HSV-2 from tissue samples were elevated regardless of the route of infection. The eleva-
tion in titers of HSV-2, including cell infiltration and cytokine/chemokine levels in the central nervous system relative to those
found following HSV-1 infection, was correlative with inflammation. These results underscore a dichotomy between the host

immune responses to closely related alphaherpesviruses.

H erpes simplex virus 1 (HSV-1) is a significant human patho-
gen, and between 1 and 2 billion adults have been exposed to
the pathogen and develop an immune response by the age of 59
(38). Components of the innate and adaptive immune responses,
including type I interferons (IFN) and T and B lymphocytes, are
thought to be responsible for managing the infection and main-
taining surveillance during latency (27). Similar to HSV-1, HSV-2
is a highly successful human pathogen with a worldwide preva-
lence of more than 500 million infections and an annual acquisi-
tion rate of close to 25 million/year (21). As with HSV-1, a robust
and protective innate and adaptive immune response to genital
HSV-2 infection has been noted (1, 12, 23, 24, 25, 28).

HSV-1 and HSV-2 encode at least 84 different polypeptides
that show enough similarity to allow intertypic recombinants
to be readily generated (38). Whereas it was previously sug-
gested that oral and genital infections were primarily associated
with HSV-1 and HSV-2, respectively, an increase in the inci-
dence of genital HSV-1 infection has been seen over the past 20
years (4, 9, 16, 18, 29). As a result of the clinical significance of
the pathogens in terms of prevalence and morbidity, a number
of investigative teams have developed vaccines to HSV-1 or
HSV-2, some of which have been evaluated against HSV-1
and/or HSV-2 (2, 5, 11, 15, 20, 22, 26, 32, 33, 41). While se-
quence conservation is widely appreciated for HSV-1- and
HSV-2-related genes, side-by-side comparisons of the immune
responses to these pathogens in the eye or genital tract have not
been extensively studied.

One study comparing HSV-1 to HSV-2 and the immune
responses at specific anatomical sites reported that ocular chal-
lenge of mice with HSV-1 (strain F) elicited a robust expression
of several cytokines, including interleukin-1 alpha (IL-la),
gamma IFN (IFN-vy), tumor necrosis factor alpha (TNF-a),
and IL-6, in the brain, whereas ocular infection with an un-
known strain of HSV-2 resulted in a reduction in the cytokine
signature (19). However, a caveat to this observation was that
there was a 10-fold reduction in the HSV-2 challenge employed
to infect mice compared to the HSV-1 challenge applied to the
eye. In another study, an intertypic recombinant HSV-1 strain
expressing the HSV-2 (strain 333) virion host shutoff (vhs)
protein was found to elicit less blepharitis associated with in-
creased clearance of the recombinant virus in comparison to
the parental or marker-rescued virus following ocular infection
(31). Since the HSV-2-encoded vhs protein displayed signifi-
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cantly greater activity than its HSV-1 counterpart in vitro,
those authors concluded that vhs expression alters the host
immune response to the pathogen, including the activation of
T cells and the IFN pathway (31).

The present study was undertaken to more fully compare
the immune responses to HSV-1 versus HSV-2 at two distinct
mucosal sites, namely, the eye and the genital tract. Comparing
the highly neurovirulent HSV-1 McKrae strain (10) to a clinical
HSV-2 isolate (Charity Hospital, New Orleans, LA, 1998) (13)
following corneal infection, the results show a trend toward an
increased amount of HSV-2 recovered in the cornea and brain
stem (BS) at day 7 postinfection (p.i.) compared to HSV-1
following administration of equivalent infectious inocula of
1,000 PFU/cornea, but such results did not reach significance
(P=0.06) (Fig. 1A). HSV-2 levels were significantly elevated in
the trigeminal ganglion (TG) at the same time point (Fig. 1A).
At an earlier time point (day 3 p.i.), HSV-1 and HSV-2 titers in
the cornea were similar (Fig. 1C). By comparison, following
genital infection, HSV-2 levels were significantly elevated in
the vaginal tract at day 3 p.i. (Fig. 1D) and in the vaginal tract
and spinal cord day 7 p.i. (Fig. 1B) compared to the levels seen
with mice infected with HSV-1. Even though the levels of virus
recovered from the cornea were not significantly different in
the comparisons of HSV-1- to HSV-2-infected animals, there
was a pronounced increase in the genesis of lymphatic but not
blood vessels in the cornea from HSV-2-infected samples, in-
dicating a greater degree of inflammation (Fig. 1E). Production
of natural killer (NK) cells and T lymphocytes is attributed to
host resistance to HSV-1 and HSV-2 infection (6, 7). Since
changes in viral titer were observed in comparisons of HSV-1-
to HSV-2-infected mice, the causality of such findings may be
reflected by the recruitment of effector innate and/or adaptive
immune cells that are typically associated with viral surveil-
lance. As such, we investigated leukocyte infiltration and cyto-
kine/chemokine production in the cornea, TG, BS, vagina, spi-
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FIG 1 HSV-2 yields greater numbers of infectious progeny than HSV-1 re-
gardless of route of infection at 7 days postinfection. Depo-Provera-treated
(genital infection) and non-Depo-Provera-treated (ocular infection) female
C57BL/6 mice were infected with HSV-1 (McKrae strain) or HSV-2 (clinical
isolate) by the (A and C) corneal (1,000 PFU/eye) or (B and D) vaginal (2,000
PFU/vagina) route. At 7 days (A and B) or 3 days (C and D) postinfection, the
mice were euthanized and the indicated tissue was removed, processed, and
assayed for viral content by plaque assay. The results are expressed as mean
log = standard errors of the means (SEM) (n = 6 to 10/group). (E) C57BL/6
mice (n = 4) were infected as described above and euthanized at day 7 p.i. The
corneas were removed, processed, and imaged to visualize lymphatic (green)
and blood (red) vessels as described previously (40). Vessels were imaged and
quantified to compare the areas occupied by lymphatic vessels (LYVE-1")
within the cornea proper (below to the dashed white line) for HSV-1 versus
HSV-2 samples by the use of Metavue software. **, P < 0.01; *, P < 0.05
(comparing HSV-1- to HSV-2-infected groups for each designated tissue as
determined by Student’s ¢ test [two sample, pooled variances, and Bonferonni
adjusted for alpha]).

nal cord, and draining lymph nodes in HSV-1- and HSV-2-
infected mice. Relative to leukocyte infiltration, flow cytometry
was performed on processed tissue and gated on the CD45M-
expressing cells to determine the number of NK (NKI1.1"
CD37), CD4 T (CD3" CD4"), CD8 T (CD3" CD8"), and
HSV-specific CD8 T (CD8 gB,q5_505 tetramer ™) cells as well as
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FIG 2 HSV-2-infected mice show a deficiency in the number of HSV-specific
CD8" T cells resident in the brain stem following ocular infection. Female
C57BL/6 mice (n = 7 to 9/group) were infected with 1,000 PFU of HSV-1 or
HSV-2/cornea. Seven days postinfection, the mice were exsanguinated and the
brain stems were processed for (A) total CD8* and HSV gB-specific CD8* T
cell numbers and (B) total leukocyte (CD45™) cell numbers by flow cytometry.
The results are expressed as mean numbers of cells = SEM; *, P < 0.05 (com-
paring HSV-1 to HSV-2 groups for each phenotypic set of markers as deter-
mined by Student’s ¢ test [two sample, pooled variances, and Bonferonni ad-
justed for alpha]).
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macrophages (F4/80" Gr-17), inflammatory monocytes (F4/
80" Gr-17), neutrophils (F4/80~ Gr-17), plasmacytoid den-
dritic cells (B220" CD11c"), and conventional dendritic cells
(B220~ CD11c™) (36, 39). There were no significant changes in
the leukocyte populations residing in the cornea, TG, or drain-
ing (mandibular) lymph node following ocular viral infection
in comparisons of HSV-1- to HSV-2-infected mice (data not
shown). However, within the BS, the total number of CD8* T
cellsand HSV-specific CD8™" T cells from HSV-2-infected mice
was significantly lower than in HSV-1-infected animals (Fig.
2A). This might have been due to reduced recruitment to the
BS or a loss of T cells via infection and subsequent fratricide
(30). There was also a noticeable reduction in the total count of
leukocyte (CD45™) cells that resided in the BS of mice infected
ocularly with HSV-2 (Fig. 2B). These results are consistent with
findings showing that the presence of HSV-specific CD8" T
cells corresponds to resistance following ocular HSV infection
in this tissue (39).

Genital infection with HSV pathogens led to dramatically
different host immune responses, as measured by leukocyte
infiltration, depending on the tissue evaluated. In the vaginal
tissue, inflammatory monocyte levels were significantly ele-
vated in HSV-2-infected mice in comparison to HSV-1-in-
fected animals (Fig. 3A). However, other leukocyte popula-
tions, including those of macrophages and neutrophils (Fig.
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FIG 3 An increase in effector immune cell recruitment in the spinal cord of HSV-2-infected mice correlates with viral titers. Depo-Provera-treated female
C57BL/6 mice (n = 9 to 10) were infected with 2,000 PFU of HSV-1 or HSV-2/vagina. Seven days postinfection, the mice were exsanguinated and the vaginal
tissue (A), spinal cord (B), and iliac-inguinal lymph node (C and D) samples were removed and processed for flow cytometry. The results are expressed as mean
numbers of cells = SEM; **, P < 0.01; ¥, P < 0.05 (comparing the HSV-1- to HSV-2-infected tissue for each phenotypic set of markers as determined by Student’s

t test [two sample, pooled variances, and Bonferonni adjusted for alpha]).

3A) as well as CD4" and CD8" T cells, dendritic cells, and
HSV-specific CD8™ T cells (data not shown), were not signifi-
cantly changed. Within the spinal cord, levels of NK cells, HSV -
specific cytotoxic T cells, and inflammatory monocytes were all
elevated in HSV-2-infected mice (Fig. 3B) whereas other leu-
kocyte populations were similar to those seen in HSV-1-in-
fected mice (data not shown). Within the draining (inguinal/
iliac) lymph nodes, a greater response was observed in HSV-2-
infected mice compared to their HSV-1-infected counterparts
as measured by total leukocyte counts (Fig. 3D) as well as by
individual cell populations, including those of NK cells, plas-
macytoid dendritic cells, and total CD8™ T cells (Fig. 3C and
D). Such results are correlative with antigenic load found in the
tissue and would predict an increase in the expression of
chemokines that drive recruitment of the leukocyte popula-
tions. Indeed, of the four chemokines analyzed, including
CCL2, CCL5, CXCLI, and CXCL10 along with IFN-v, levels of
all analytes were elevated in the spinal cord of mice genitally
infected with HSV-2 compared to the levels seen with those
infected with HSV-1 (Fig. 4D). Likewise, CCL2, CCL5, and
CXCL10 levels were elevated in the vaginal tissue of HSV-2-
infected mice in comparison to levels seen with those infected
with HSV-1 (Fig. 4B). By comparison, the CXCL1 levels were
elevated in the cornea and BS of mice infected ocularly with
HSV-2 (Fig. 4A and C) whereas only CXCL10 was upregulated
in the cornea of animals infected ocularly with HSV-2 (Fig.
4A). Since HSV-specific CD8" T cell numbers were signifi-
cantly reduced in the BS of HSV-2-infected mice following
ocular challenge, a lack of change of expression of chemokines,
including CCL5 and CXCL10, that are associated with the re-
cruitment of these effector cells suggests that other mediators
are likely involved in this event.

This study was undertaken to directly compare HSV-1 infec-
tion to HSV-2 infection using a mouse model that can be con-
trolled genetically according to the background haplotype and
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virus inoculum. Despite the elevated chemokine and cellular re-
sponses to HSV-2 in the cornea, vagina, BS, spinal cord, and
lymph nodes, HSV-2 still replicates at a greater rate than HSV-1in
the genital mucosa and presents higher viral titers in the TG as
well. Interestingly, a significant difference between the two strains
in IFN-vy production was seen only in the spinal cord in response
to HSV-2. While it is not currently known why such closely related
viruses yield different host responses following challenge at the
same mucosal site, newly described intracellular pattern recogni-
tion receptors (e.g., [F116, DHX9, and DHX36) and their cellular
distribution may have important consequences with respect to the
innate responses to HSV-1 and HSV-2 that are currently poorly
understood (17, 37). Additionally, differences in the immune re-
sponses during neuronal infection and reactivation may be ex-
plained, in part, by cell tropism. Specifically, A5(+) neurons sup-
port HSV-2 replication whereas KH10(+) neurons support
HSV-1 productive infection (3). Since A5(+) neurons are norad-
renergic (34) and KH10(+ ) neurons are sensory in nature (8) and
both adrenergic and sensory neuronal pathways influence the host
immune response or sparing of neurons following HSV infection
(14, 35), it is not surprising that disparate immune responses to
these two closely related but distinct viral pathogens ensue within
the nervous system. A randomized, double-blind HSV vaccine
trial utilizing glycoprotein D from HSV-2 (gD-2, with alum and
3-O-deacylated monophosphoryl lipid A as an adjuvant) was re-
cently performed to test for efficacy against HSV-1 and HSV-2
genital disease and infection. Surprisingly, the vaccine was more
efficacious against HSV-1 (35%) than HSV-2 (20%) genital dis-
ease and provided 35% efficacy against HSV-1 infection (with or
without the presence of disease) but did not provide any protec-
tion against infection by HSV-2 (2). These results suggest diver-
gent immune responses to a conserved protein that shares 89%
homology with gD-2 from HSV-1. It is also likely the relatively low
passage number (approximately 25 passages) of the HSV-2 isolate
drives a more robust host response in comparison to the high-

Journal of Virology


http://jvi.asm.org

>
3
o

;

‘E‘ 700 HHSV-1 _l_
86001 wHsv2 **
2 500 T
\2 400
= 300
0
= 200
©
£ 100
0
IFN-gamma  CXCL1 ccL2 CCL5  CXCL10

40 1

35 H HSV-1

30 M HSV-2

Analyte (ng/gm Brain Stem) (7)

CXCL1 cCL2 CCL5 CXCL10

IFN-gamma

Immune Responses to HSV-1 and HSV-2 at Mucosal Sites

180 -
60 | WHSVA I
HSV-2

Analyte (pg/mg Vagina)
8

IFN-gamma CXCL1 CCL5 CXCL10

O

Analyte (ng/gm Spinal Cord)

IFN-gamma CXCL1

cCL2 CCL5 CXCL10

FIG 4 Chemokine expression levels in mice genitally infected with HSV-2 correlate with viral titer. Depo-Provera-treated (genital infection) and non-Depo-
Provera-treated (ocular infection) female C57BL/6 mice (n = 5 to 8/tissue/analyte) were infected with HSV-1 (McKrae strain) or HSV-2 (clinical isolate) by (A
and C) the corneal (1,000 PFU/eye) or (B and D) vaginal (2,000 PFU/vagina) route. Seven days postinfection, the mice were exsanguinated and the cornea (A),
vaginal tissue (B), brain stem (C), and spinal cord (D) samples were obtained and processed for analyte content by suspension array. The results are expressed
as mean picograms or nanograms per milligram of tissue = SEM (n = 7/group). **, P < 0.01; *, P < 0.05 (comparing the HSV-1- to HSV-2-infected tissue for
each analyte per tissue as determined by Student’s ¢ test [two sample, pooled variances, and Bonferonni adjusted for alpha]).

passage-number (unknown passage number) HSV-1 McKrae
strain. A comparison of HSV-1 and HSV-2 pathogens (clinical
isolate or laboratory strains) with nearly equivalent passage num-
bers may yield a better model. Ultimately, the results may suggest
that, apart from the use of live attenuated vaccine or vaccine vec-
tors (2), dual protection may require a unique design directed
against each of the alphaherpesviruses to elicit protective immu-
nity.
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